The modification of single layer graphene due to intense, picoseconds near-infrared laser pulses is investigated. We monitor the stable changes introduced to graphene upon photoexcitation using Raman spectroscopy. We find that photoexcitation leads to both a local increase in hole doping and a reduction in compressive strain. Possible explanations for these effects, due to photo-induced oxygenation and photo-induced buckling of the graphene, are discussed.
The modification of single layer graphene due to intense, picoseconds near-infrared laser pulses is investigated. We monitor the stable changes introduced to graphene upon photoexcitation using Raman spectroscopy. We find that photoexcitation leads to both a local increase in hole doping and a reduction in compressive strain. Possible explanations for these effects, due to photo-induced oxygenation and photo-induced buckling of the graphene, are discussed.
The unique electrical and optical properties of graphene have made it a very promising material for future electro-optical applications. One of graphene most appealing aspects, due to its interfacial nature, is its tunability. For example, it is well known that the band structure and conduction properties of graphene can be modified and functionalized by molecular adsorbates [1] [2] [3] [4] [5] , by irradiation under electron beams [6] [7] [8] [9] , by applied electric and magnetic fields [10] [11] [12] [13] and by nano-structuring of the material [14] [15] [16] [17] [18] . Indeed, the ability to control the majority carrier type while introducing a band gap makes graphene promising for nanocircuit design [19] [20] [21] [22] . Graphene has also been shown to demonstrate interesting behaviour under optical illumination. For example, novel photochemical approaches have been developed to achieve efficient graphene modification and bandgap modulation. In Ref. 23 ultraviolet radiation was shown to induce doping of the irradiated areas of CVD-grown graphene, with no significant reduction of the carrier mobility. Thus, photo-modification is an efficient means by which to create channels with increased conductivity, forming in-built electrodes. Moreover, by covering the graphene with a layer of fluoropolymer, it has been shown 24 that irradiated areas become fluorinated, which, in turn, leads to a significant increase of resistivity in these regions. On increasing photoexcitation intensity, graphene also exhibits ablation 25 , which can be used to create complex structures within single graphene flakes. This approach is applicable on suspended samples and therefore is advantageous over standard etching techniques. The authors of Ref. 25 , for example, managed to fabricate graphene dots with diameters less than 100 nm and nanoribbons down to 20 nm in width.
In this paper we report the photomodification effects of near-infrared, picosecond laser radiation on exfoliated graphene flakes. Using Raman spectroscopy as a probe, we observe that, for laser irradiation well below the damage threshold of graphene, the photo-interaction leads to changes in both doping and strain in the graphene flake. The localisation and stability of the introduced changes make it suitable for future patterning applications.
Single layer graphene samples were prepared by mechanical exfoliation of natural graphite and deposited a) Electronic mail: E.Alexeev@exeter.ac.uk on 100-µm-thick glass substrates. The number of layers in individual samples were estimated by optical contrast measurements 26 and confirmed using Raman spectroscopy 27 , allowing isolation of monolayer flakes. Photomodication and photoluminescence microscopy were performed using a custom-build non-linear optical microscope based on a commercial inverted microscope and confocal laser-scanning unit (IX71 and FV300, Olympus UK). A full description of the system can be found in Ref. 28 . Picosecond excitation was provided by an optical parametric oscillator (OPO), (Levante Emerald, APE Berlin) pumped with a frequency doubled Nd:Vandium picosecond oscillator (High-Q Laser Production GmbH). The signal beam from the OPO was used to generate excitation pulses centred at 816 nm with a width of 6 ps and repetition rate of 76 MHz.
Photoluminescence imaging and optical modification were performed using a 60X, 1.2 NA water immersion objective (UPlanS Apo, Olympus UK) to focus a diffraction limited spot onto the sample which could be raster-scanned over designated areas of the sample. Upconverted photoluminescence, isolated with a 750 nm short-pass filter (FES0750, Thorlabs), was monitored using a photomultiplier tube and used for sample imaging, as discusses in Ref. 29 -see Fig. 1 (b) . The exposure time of the sample excitation was controlled by varying the number of raster-scans.
In order to minimize changes induced to the sample during imaging, laser fluence was kept below 0.2 mJ/cm 2 . For the photomodification, a laser beam with the fluence in the range of 1 -3 mJ/cm 2 was raster scanned over the chosen area of the monolayer flake. Raman spectra were subsequently collected in a separate, commercial Raman spectrometer (RM1000, Renishaw), using excitation beam with a wavelength of 532 nm and intensity of 5 mW that was focused to a spot size of 1.5 µm. All measurements were performed at room temperature and in ambient air.
To investigate effects of photoexcitation square regions of monolayer flakes were exposed to different fluences of picosecond excitation for a duration of 1 minute. onset of ablation (bottom right square in Fig. 1 (a) , (b) and (d)). However, the square areas that have been exposed to the laser excitation can be clearly seen in the photoluminescence images, Fig. 1 (b) , as a clear reduction in photoluminescence intensity. The reduction in photoluminescence increases with excitation fluence , and the induced changes were found to be stable over the duration of the project (i.e. several months). However, we found that they could be reversed by immersing sample in a solvent, such as methanol or isopropyl alcohol, for one hour. A possible explanation for the photoluminescence intensity decrease could lie in photo-induced changes of carrier concentration or relaxation time. Since photoluminescence originates from non-equilibrium distribution of photoexcited carriers, it is very sensitive to the carrier relaxation dynamics. Recent studies show that charge doping of graphene flakes leads to changes of photoexcited carriers relaxation due to the carrier heating effect 30, 31 . However, the precise mechanism for this effect on photoluminescence is not fully understood, and is to be the focus of future investigation. Here we focus on the changes induced to the graphene itself, modified by exposure to the picoseconds laser pulses. It is worth noting that it was not possible to observe similar modification effects with femtosecond excitation, due to low damage threshold for such ultrafast pulses 32 . The duration of the picoseconds pulses, meanwhile, is comparable in length to the lattice cooling timescales of graphene flakes 33 , allowing for efficient heating without damaging the graphene flakes.
In order to understand the changes introduced in graphene by laser irradiation we use Raman spectroscopy. Figure 1 (c) shows Raman spectra of the point corresponding to the centre of the first modified region before (dashed) and after (solid) photomodification by 1 mJ/cm 2 laser pulses for 1 minute. The G peak at 1580 cm −1 originates from the doubly degenerate E 2g phonon mode at the Brillouin zone centre, while the 2D peak at 2700 cm −1 corresponds to a double-resonance process, involving two transverse optical phonons near the K point. A symmetric 2D peak with a width of 25-45 cm −1 is characteristic of monolayer graphene. Upon photoexcitation, the G peak is up-shifted by 1.2 cm −1 and the 2D peak is down-shifted by 1.6 cm −1 , and the intensity ratio of two peaks I 2D /I G is decreased. Note that we have not observed the defect-induced D peak at 1350 cm −1 , which indicates that photoexcitation does not induce structural defects. In Fig. 1 (d) , we plot a Raman map of the intensity ratio of the 2D to G peaks for the flake. The photomodified square areas can be clearly seen, which indicates that modification is local, limited to the region of photoexcitation. Higher laser irradiation intensity gives rise to the stronger decrease of the intensity ratio, which corresponds to higher level of doping 34 .
It is well known that changes of the Raman 2D and G peak positions and intensities can be caused by both changes in doping and strain, and this bimodal sensi- tivity complicates data analysis [34] [35] [36] [37] . However, this can be overcome by considering their correlated position. To get a qualitative description of the changes induced in graphene upon photoexcitation we apply the analysis first introduced in Ref. 38 . This analysis is based on the fact that the fractional variation of peak positions ∆ω 2D /∆ω G is very different for cases of strain and doping. The average value of ∆ω 2D /∆ω G for uniaxial strain of random direction is 2.2, while for the carrier concentration above 1.4 × 10 12 cm −2 for the case of hole doping (i.e. a down-shift of the Fermi level) ∆ω 2D /∆ω G is approximately 0.7. Therefore contributions of strain and doping to the correlated peak position (ω G ; ω 2D ) can be separated using vector decomposition with the gradient for unit vectors for strain-and doping-induced changes being 2.2 and 0.7, respectively. It should be noted that such a vector decomposition is more complicated for electron doping of graphene; however, our experiments on contacted graphene flakes revealed an increased level of hole (p) -doping as a result of photoexcitation. The origin for the correlated position plots, i.e. (ω G ; ω 2D ) in Fig. 2 (red) lines indicate direction of strain (doping) induced movement of the (ω G ; ω 2D ) point for different constant values of strain (doping). The (ω G ; ω 2D ) upshift (downshift) from the origin along 'strain' lines corresponds to increasing compressive (tensile) strain. The (ω G ; ω 2D ) upshift (downshift) along 'doping' lines corresponds to increasing (decreasing) p-doping. The figure also shows origin (black dot) and unit vectors for doping (red) and strain (blue) induced peak shifts that can be used for vector decomposition. The yellow shaded region indicates a 'forbidden area': since increasing doping leads to up-shift of the correlated peak position from the origin, (ω G ; ω 2D ) can enter this area only for low levels of doping (< 1.4 × 10 12 cm −2 ) when its dependence on Fermi level position becomes nonlinear. Since the native strain leads to non-negligible variation of (ω G ; ω 2D ), we need to take into account peak positions for the pristine sample. The green circle markers denote correlated peak position of non-modified sample. They form a narrow group with primarily strain-induced variation. However, the distribution changes dramatically after photomodification. After excitation with 1 mJ/cm 2 (cyan stars) laser light the centre of distribution is shifted down and to the right hand side. To achieve this kind of movement, (ω G ; ω 2D ) should be up-shifted along 'doping' line and down-shifted along 'strain' line. The former indicates the increase of the local doping level. The similar effect was observed in Ref. 23 for UV excitation, where changes of the doping level were attributed to the photo-induced release of elec- tron trapping adsorbate groups. The latter demonstrates that there is also a decrease in the strain level, i.e. photoexcitation is reducing the strain on the graphene. This is a remarkable effect, which has not been reported before. From Fig. 2 it can be seen that photoexcitation also leads to broadening of distribution which for 1 mJ/cm 2 and 2 mJ/cm 2 excitation is mostly caused by variation of doping and for 3 mJ/cm 2 it is predominantly straininduced.
The non-orthogonal coordinate system, used in Fig. 2 , complicates data interpretation. To clarify this, we can perform a vector decomposition to separate strain and doping contribution to the changes of the G peak position. We then use data from Refs. 34 and 36 to obtain carrier concentration and strain levels which correspond to the observed G peak shifts. Note that for hole concentrations n < 1.4 × 10 12 cm −2 the linear approximation for doping-induced changes of (ω G ; ω 2D ) is no longer valid, making vector decomposition and data fitting ambiguous. From Fig. 3 it can be seen that photomodification leads to both increasing level of p-doping and reduction of compressive strain; higher laser fluences cause larger changes in doping and strain.
We have observed slightly differing magnitudes and shifts in a number of graphene flakes, most likely depending on the starting strain of the flake, though this has proven difficult to correlate. While the magnitudes of changes per unit excitation fluence vary from sample to sample, the sign of the changes is predominantly the same, resulting in an increase in hole doping and a re-duction in compressive strain. This behaviour has been observed in five different samples.
To conclude, we have investigated the modification of single layer graphene due to intense, picosecond nearinfrared laser pulses. We find that photoexcitation leads to both a local increase of p-doping and reduction of compressive strain. With the short, intense laser pulses used in our experiments a number of mechanisms are feasible, including multi-photon excitation and nonequilibrium heating of the sample. The evidence from our experiments points towards enhanced atmospheric oxygen binding due to surface distortion, most likely caused by the rapid heating of the graphene. The inset of Fig. 3 shows an AFM image of one of the samples after modification, indicating the modified region has an increased surface roughness compared with surrounding non-modified areas. These changes are likely to be caused by slippage and buckling of the flake due to the mismatch in thermal expansion coefficients of graphene and underlying substrate. The doping level, meanwhile, can be explained by the enhanced bonding of atmospheric oxygen due to the distortion of graphene surface 39 . These effects are similar to the compressive strain and p-doping introduced in graphene upon annealing 38, 39 , though the different result, i.e. the reduction of compressive strain, may be explained by the very local nature of heating for our experiments.
Nevertheless, the local nature of the effects reported here could be utilized to create complex patterns that define device functionality, offering an advantage in spatial resolution and speed. However, to be able to change local properties of graphene in a controllable manner, more indepth investigations to uncover the precise mechanisms at work are required.
